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The influence of calcium fluoride (CaF2) @about two monolayers ~ML!# in Au/CaF2 /Si(111)
heterostructure on hot-electron transport across the CaF2 intralayers has been studied using ballistic
electron emission microscopy ~BEEM! and Fourier transform infrared spectroscopy ~FTIR!. The
BEEM current–voltage spectra show that the electron transport property is strongly affected by the
CaF2 intralayers. The threshold voltage V0 for the onset of the BEEM current for an insulating CaF2
intralayer, which is about 3.6 V, is obtained only for the sample in which CaF2 was deposited at
700 °C. In contrast, the threshold voltage of the sample in which CaF2 was deposited at 550 °C is
determined to be about 0.74 V. The FTIR spectra of these CaF2 layers show that Ca–Si–F bonds
exist in the latter, but not in the former. The existence of Ca–Si–F bonds implies that the CaF2
heteroepitaxial growth at 550 °C is unsuccessful in obtaining a high-quality CaF2 layer and will
induce many defects in the CaF2 layer and/or at the interface. The defect-induced states in the CaF2
intralayers allow hot electrons to travel through the intralayers even below 3.6 eV and lie in a
position of the threshold voltage for the onset of the BEEM current to be about 0.74 V. © 1999
American Institute of Physics. @S0021-8979~99!02102-7#I. INTRODUCTION
Hot-electron transport through metal–semiconductor
~MS! or metal–insulator–semiconductor ~MIS! interfaces is
of primary importance in semiconductor physics. Ballistic
electron emission microscopy ~BEEM! is a technique based
on scanning tunneling microscopy ~STM! that allows direct
investigation of hot-electron transport through these inter-
faces on the nanometer scale. Since the first demonstration of
BEEM and ballistic electron emission spectroscopy ~BEES!
by Kaiser and Bell,1 BEEM/BEES has been used to study the
electronic properties of buried interfaces in MS and MIS
systems.1–9
A metal/calcium fluoride ~CaF2!/Si(111) heterostructure
is a prototypical system for studying hot-electron transport
through the MIS interface. CaF2 is an ionic insulator which is
known to have a small lattice mismatch ~0.6% at room tem-
perature! with Si and to grow heteroepitaxially on a Si sub-
strate at 700–800 °C.10–22 We previously reported the appli-
cation of BEEM/BEES to the investigation of the electron
transport properties of the Au/CaF2 /n-Si(111) system in
which CaF2 was deposited at 700 °C and the deposition was
controlled to give about two monolayers ~ML: 1 ML
CaF250.315 nm).23
In this study we report the influence of the structures of
CaF2 in Au/CaF2 /Si(111) on electron transport across the
CaF2 intralayers. We focus on the relationship between the
structure of CaF2 intralayers and the electron transport prop-
erties. It is found that the electron transport properties
strongly depend upon the structure of the CaF2 intralayers.
a!Electronic mail: sumiya@tanaka.jst.go.jp9410021-8979/99/85(2)/941/6/$15.00
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Sample fabrication and STM/BEEM measurements were
performed continuously in ultrahigh-vacuum ~UHV! (,2
31028 Pa). Samples were prepared on 6 V cm epitaxial n-
type Si~111! layers about 17.2 mm thick, grown on low-
resistivity ~;0.01 V cm! substrates. The Si substrates were
cleaned ex situ using the Shiraki method,24 and then annealed
in situ at 950 °C for 30 min in UHV. Then both CaF2 and Au
were deposited on Si~111! as a dot of about 1.5 mm diameter
through a mask in a molecular beam epitaxy ~MBE! cham-
ber. Knudsen effusion cells were used to evaporate both
CaF2 and Au at rates of about 0.20 and 0.33 nm/min, respec-
tively. The growth of CaF2 was carried out at 550 and
700 °C on the Si~111! surface. The deposition of CaF2 was
controlled to give 2 ML by changing the deposition time. As
a base, 50 ML of Au (1 ML Au50.133 nm) were deposited
at room temperature. The MBE chamber was connected to
an STM/BEEM chamber, so that the sample could be trans-
ferred to the STM/BEEM chamber without breaking the
UHV. Two electrodes for the BEEM measurements, which
consisted of gold wires and springs, were carefully posi-
tioned on the Au dot and the back of the substrate. The
BEEM measurements were conducted in the conventional
manner, at a constant tip-base tunneling current (I t) with a
bias voltage (Vt) applied to the tip and the Au dot grounded.
The maximum scanning area was 2003200 nm2. Electro-
chemically etched tungsten tips were used in all STM/BEEM
experiments. These tips were cleaned by heating in UHV
prior to the STM/BEEM measurements.
Fourier transform infrared spectroscopy ~FTIR!, Ruther-
ford backscattering spectroscopy ~RBS!, Auger electron
spectroscopy ~AES!, and x-ray photoelectron spectroscopy© 1999 American Institute of Physics
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AES were prepared on substrates cut from the same Si~111!
wafer used for the STM/BEEM experiments and were
cleaned in the same manner. The overall coverage of Au and
CaF2 deposited on the Si substrates were calibrated with the
data obtained from RBS using 2.0 MeV 4He1 ions. XPS was
performed with Al Ka x-ray illumination to detect the for-
mation of chemically reacted F–Ca–Si interfaces, resulting
in a fluorine deficiency. AES analysis of a 2 ML CaF2 ~de-
posited at 700 °C!/Si~111! was performed to examine the
distribution of calcium atoms on the sample. AES data were
acquired with a primary electron beam voltage of 20 kV. The
primary beam current was about 3 nA, and the diameter of
the beam was about 20 nm. FTIR measurements were carried
out to clarify structural differences between the CaF2 layers
at 550 and 700 °C on Si~111! surfaces prepared. For spectral
measurements, we used high-resistivity Si~111! ~;30 V cm!
as the substrate in order to avoid free carrier absorption of
the IR beam. In the present study, two types of FTIR were
adopted. One was the apparatus for measurement of the wave
number region between 450 and 100 cm21 and was equipped
with a bolometer and mercury lamp, and the other was for
measurement of the region above 500 cm21 and was
equipped with a mercury cadmium tellurides; HgCdTe
~MCT! detector and SiC light source. The transmittance
spectra of the samples were obtained and the spectrum of the
substrate was subtracted from each of them.
III. EXPERIMENTAL RESULTS
A. Growth modes and chemical bonds in CaF2
intralayers
In order to clarify CaF2 growth modes, STM was used to
study the morphological structure of CaF2-deposited Si~111!
surface. A representative STM image of 2003200 nm2 area
of the sample, in which a 2 ML CaF2 was deposited at
550 °C, and then a 10 ML Au was formed at room tempera-
ture, is shown in Fig. 1~a!. We refer to the sample as 10 ML
Au/2 ML CaF2 ~550 °C!/Si~111!. It was difficult to obtain an
STM image of the surface without the Au overlayer due to
the instability of STM imaging. The contrast from black to
white corresponds to a height variation of 6 nm. Terraces and
steps can be seen in Fig. 1~a!. The step-down direction of the
surface is from the upper left to the lower right of the figure.
The typical width of the terraces is on the order of 40–60
nm, and the height differences between terraces is on the
order of 1–2 nm. We observed that a similar terrace-step
structure exists on a Si substrate surface prior to the CaF2
and Au depositions, which was cut from an identical wafer
and cleaned in the same manner as the Au/CaF2 /Si(111)
STM/BEEM samples. The terraces and steps observed in
Fig. 1~a!, thus originate from those of the Si substrate. They
are probably due to a misorientation of the Si substrate
~about 3°!.
The growth is characterized by two-dimensional layers
which do not completely cover the terraces; for example, the
layers, are indicated by ‘‘A’’ in Fig. 1~a!, and the regions
around the layers ~indicated by ‘‘B’’! are not covered by the
two-dimensional layers. Closer inspection of the layers re-Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toveals that a variety of flat Au layers are stacked in several
stages. On the region uncovered by CaF2, labeled ‘‘C,’’
growth of small spherical Au islands occurs. A possible ex-
planation for the surface morphology of the 10 ML Au/2 ML
CaF2~550 °C!/Si(111) is as follows. The fist stage is the
growth of CaF2 layers two-dimensionally on Si terraces at
550 °C, whereas the CaF2 layers do not cover the terraces
completely. Then, thin, flat Au layers are stacked in several
stages on the two-dimensional CaF2 layers at room tempera-
ture. This model coincides with the results reported previ-
ously.
Figure 1~b! shows the surface morphology of 150
3150 nm2 area of 2 ML CaF2~700 °C!/Si(111) in which 2
ML CaF2 was deposited at 700 °C. The STM image could be
acquired with a tip voltage of 25.0 V and a tunneling current
of 0.3 nA without an Au overlayer. The step-down direction
of the Si substrate is from the upper left to the lower right of
FIG. 1. ~a! STM topographic image of a 2003200 nm2 area of 10 ML Au/2
ML CaF2~550 °C!/Si~111!, taken with tunneling current I t50.1 nA and tip
voltage Vt522.0 V. The contrast from black to white corresponds to a
height variation of 6 nm. Two-dimensional layers are labeled A, and unusual
dark regions are observed in terraces and at steps, some of which are indi-
cated by B and C. On the region C, small Au islands are observed. ~b! STM
topographic image of a 1503150 nm2 area of 2 ML CaF2~700 °C!/Si~111!,
taken with tunneling current I t50.3 nA and tip voltage Vt525.0 V. The
terraces, labeled T1 and T2, appear as unusual protruding regions. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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‘‘T1’’ and ‘‘T2,’’ appear as unusual protruding regions,
compared with the terraces around them. Before CaF2 depo-
sition, such protruding terraces are not found on the surface.
Thus, the appearance of terraces T1 and T2 is induced by the
2 ML CaF2 deposition at 700 °C, and suggests an inhomo-
geneous CaF2 coverage on a nanometer scale. In order to
investigate CaF2 distribution on a 2 ML CaF2 ~deposited at
700 °C!/Si~111! surface, we measured Ca distribution on the
sample by AES. It is well known that fluorine desorption
from CaF2 occurs under electron beam irradiation. Thus, we
measured the amount of calcium to evaluate CaF2 distribu-
tion. A scanning electron microscopy ~SEM! plane-view im-
age of 2 ML CaF2~700 °C!/Si(111) is shown in Fig. 2~a!,
together with relative intensities of Ca and Si AES peaks
plotted along the line in the image @Fig. 2~b!#. There are
long, narrow dark regions in the SEM image @Fig. 2~a!#. The
Ca peak height-counter profile @Fig. 2~b!# clearly shows that
Ca peak heights for the long, narrow dark regions are greater
than those for the surrounding gray regions. Based on STM
and AES measurements, it is clear that the long, narrow dark
region in Fig. 2~a! corresponds to the Si~111! terrace which
appear as the protruding terraces such as T1 or T2 in Fig.
1~b!. The Ca peak heights on the long, narrow dark regions
are the same in all dark regions, indicating that the CaF2
thickness is uniform in the dark regions. The overall CaF2
coverage on the Si surface is about 2 ML (1.5
31015 molecules/cm2), as determined by RBS. Furthermore,
the Ca peak height-counter profile @Fig. 2~b!# shows that Ca
atoms also exist even in the gray regions. Therefore, we
speculate that the coverage of the long, narrow dark regions
and the surrounding gray region are 3 ML and less than 1
ML, respectively.
FIG. 2. ~a! SEM image of 2 ML CaF2~700 °C!/Si~111! surface. ~b! Relative
intensities of Ca and Si AES peaks taken along the line in ~a!. Ca peak
heights for the long, narrow dark regions are larger than those for the sur-
rounding gray regions.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toFigure 3 shows the relationship between the deposition
temperature of CaF2 and the stoichiometric ratio of F/Ca as
determined by XPS measurements. The F/Ca ratios of
samples in which 2 ML of CaF2 was deposited at room tem-
perature and 400 °C are also included in Fig. 3. The fluorine
deficiency is observed both at 550 and 700 °C. Tromp and
Ruter demonstrated that, using medium-energy ion scattering
~MEIS!, an initial layer of CaF, rather than CaF2, was
formed on a Si~111! surface at 770 °C.16 The Ca atom reacts
directly with the Si atom to produce Ca–Si bonds, and the
reaction leads to the dissociation of CaF2 into F1CaF on the
Si surface and the excess F atoms are subsequently desorbed
from the surface. Thus, the fluorine deficiency, indicates the
formation of chemically reacted Ca–Si bonds both at 550
and 700 °C.
The IR adsorption spectra of a 2 ML Au/2 ML
CaF2~550 °C!/Si(111) and a 2 ML Au/2 ML CaF2~700 °C!/
Si(111) samples ranging from 100 to 450 cm21 and from
500 to 1200 cm21 are shown in Figs. 4~a! and 4~b!, respec-
tively. The spectra of the samples show crucial differences in
FIG. 3. Stoichiometric ratios of F/Ca determined by XPS. Fluorine defi-
ciency is detected at the substrate temperatures of 550 and 700 °C.
FIG. 4. Infrared absorption spectra of the samples ranging from ~a! 100 to
450 and ~b! 500 to 1200 cm21. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sample prepared at 550 °C shows five peaks at about 195,
285, 600, 810 and 1000 cm21, while the sample prepared at
700 °C exhibits a peak at about 290 cm21. The peak appear-
ing at about 290 cm21 in the spectrum of the 2 ML Au/2 ML
CaF2~700 °C!/Si(111) sample is probably due to Ca–F
and/or CaF2, as a broad absorption peak appears in the CaF2
spectrum at about 290 cm21.25 In contrast, the IR spectrum
of the 2 ML Au/2 ML CaF2~550 °C!/Si(111) is similar to the
spectrum of CaSiF6 with the exception of the peak appearing
at about 1000 cm21.25 This is suggestive of Ca–Si–F bond
formation in the CaF2 layer and/or at the interface between
CaF2 and Si.
Although the structure of the CaF2 intralayer prepared at
550 °C is not determined, we find an obvious structural dif-
ference between the intralayers prepared at 550 and 700 °C.
If the Ca–Si–F bonds are mingled with CaF2 in the intra-
layer prepared at 550 °C, the intralayer formed is of poor
crystalline quality and contains many defects. In contrast
with the 2 ML Au/2 ML CaF2~550 °C!/Si(111), the intralay-
ers prepared at 700 °C is high quality heteroepitaxial CaF2
layer, which has the CaF interfacial layer between the
Si~111! substrate and the CaF2 layer, as expected from the IR
spectrum.
B. Electron transport properties through CaF2
intralayers
In the previous section, it is shown that the crystalline
quality of the CaF2 intralayer differs between the growth
temperatures of 550 and 700 °C. BEEM/BEES was used to
study hot-electron transport through the two types of CaF2
intralayers in Au/CaF2 /Si(111). Samples for BEEM/BEES
measurement had a 50 ML Au/2 ML CaF2 /Si(111) structure
in which 2 ML CaF2 was deposited at 550 or 700 °C. The
simultaneously obtained topographic and BEEM images are
described in more detail elsewhere.26
Figure 5 shows representative BEEM current–voltage
(I – V) spectra of 50 ML Au/2 ML CaF2~550 °C!/Si(111) ~a!
and 50 ML Au/2 ML CaF2~700 °C!/Si(111) ~b! samples.
Two typical BEEM I – V spectra, labeled ‘‘S1’’ and ‘‘S2,’’
in Fig. 5~a!, were obtained at a CaF2-covered region, such as
A in Fig. 1~a!, and an uncovered region, such as B or C in
Fig. 1~a!, respectively. It should be noted that the CaF2 in-
tralayer formed at 550 °C only affects the ballistic transmit-
tance and not the threshold voltage of the onset of the BEEM
current. Both spectra S1 and S2 show that the BEEM current
increases above a similar voltage of about 0.72–0.74 V, al-
though the transmission probability in spectrum S1 is re-
duced by approximately a factor of 3 relative to that in spec-
trum S2. Unexpectedly, there is no significant difference in
the threshold voltage between CaF2-covered and -uncovered
regions.
Two typical BEEM I – V spectra, labeled ‘‘S3’’ and
‘‘S4’’ in Fig. 5~b!, were obtained of a 50 ML Au/2 ML
CaF2~700 °C!/Si(111) sample. A striking difference is
clearly observed between spectra S3 and S4. The threshold
voltage of spectrum S3 was estimated to be about 0.75 V.
On the other hand, spectrum S4 shows that the BEEM cur-Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject torent increases above the much higher threshold voltage of
about 3.6 V. Furthermore, the BEEM current saturates at less
than 5 pA for tip voltages of up to about 6 V. Based on the
inhomogeneous coverage of the CaF2 intralayer, we attribute
the appearance of the different threshold voltages to the dif-
ferent CaF2 coverages on each terrace, as expected from
AES results. The threshold voltage of about 3.6 V seems to
be a potential barrier induced by an insulating intralayer
rather than a Schottky barrier height at a metal-Si~111! inter-
face. CaF2 is an ionic insulator so that the terrace having a
higher threshold voltage of about 3.6 V indicates to a terrace
on which a thicker CaF2 intralayer exists. Due to the higher
onset voltage induced by the thicker CaF2 intralayer, the ter-
race appears as an extremely dark region on the BEEM
image.23
The distributions of measured threshold voltages for the
BEEM samples are summarized in Fig. 6. The result for 25
ML Au/n-Si(111), having no CaF2 intralayer, is shown in
Fig. 6~a! for comparison. The averages of the threshold volt-
ages are also shown in the figure. The averages of the onset
voltage for 50 ML Au/2 ML CaF2~550 °C!/Si(111) is 0.74 V
@Fig. 6~b!# which is about the same as the value for 25 ML
Au/n-Si(111). Most strikingly, the histogram of the onset
FIG. 5. ~a! Representative BEEM I – V spectra of dark region (S1; solid
line! and bright region (S2; dotted line! on 50 ML Au/2 ML
CaF2~550 °C!/Si~111!, taken with IT56.0 nA. The two BEEM I – V spectra
have a similar threshold voltage of 0.72–0.74 V. The arrows show the
threshold voltages of the onsets of the BEEM currents. ~b! Representative
BEEM I – V spectra of two types of terrace (S3; solid line, and S4; dotted
line! on 50 ML Au/2 ML CaF2~7000 °C!/Si~111!, taken with IT55.0 nA.
The threshold voltages of 0.75 and 3.6 V are obtained for the S3 and the S4
spectra, respectively. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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@Fig. 6~c!# shows that two threshold voltages coexist in the
sample. Average threshold voltage and standard deviation
for each threshold voltage are determined to be 0.75, 0.09,
and 3.6 V, 0.18 V. As mentioned previously, the higher
threshold voltage of 3.6 V is obtained at the terrace on which
the thicker CaF2 intralayer is formed.
C. Discussion
1. Different structures of CaF2 intralayer grown at 550
and 700 °C
Let us first consider the structure of CaF2 intralayer
formed at 700 °C. As mentioned above, the deposition of 2
ML CaF2 at 700 °C results in the coexistence of two types of
terrace on the surface, which have different CaF2 coverages.
It has previously been shown that at high temperature
~.700 °C!, CaF2 deposited on a Si~111! surface reacts di-
rectly with Si atoms to produce Ca–Si bonds. Denlinger
et al. previously reported on the investigation of the initial
growth of CaF2 on a Si~111! surface by XPS and x-ray pho-
toelectron diffraction ~XPD!.10 They demonstrated that at the
high temperature of 700 °C and low CaF2 flux of about 0.5
nm/min, a well-ordered F–Ca–Si interface layer was formed
prior to any second-layer nucleation, and subsequent CaF2
islanding occurred on the interface layer. Our STM study
showed that the initial stage of CaF2 growth at high tempera-
ture ~.650 °C! is the covering of Si terraces by a wet layer
homogeneously. These results indicate that initially, all Si
terraces are covered by F–Ca–Si interfacial layers
homogeneously.27 Based on our results, we conclude that the
FIG. 6. Distributions of measured threshold voltages of ~a! 25 ML Au/
Si~111!, ~b! 50 ML Au/2 ML CaF2~550 °C!/Si~111!, and ~c! 50 ML Au/2
ML CaF2~700 °C!/n-Si(111).Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject totwo types of terrace coexist on 50 ML Au/2 ML
CaF2~700 °C!/Si(111); a Si terrace covered by a ~50 ML
Au/CaF! layer and a Si terrace covered by ~50 ML
Au/CaF2 /CaF) layer. On the latter, the (CaF2 /CaF) intra-
layer will grow heteroepitaxially on Si~111! at 700 °C and
have good crystalline quality.
On the other hand, at growth temperature of 550 °C,
XPS and FTIR measurements show that there are not only
Ca–Si but also F–Si bonds in the CaF2 intralayer and/or its
interface. The growth temperature of 550 °C is insufficient
for heteroepitaxial growth and results in imperfect heteroepi-
taxial growth. The CaF2 intralayer grown at 550 °C, thus, has
poor crystalline quality with many defects existing in it
and/or at its interface. We will refer to the intralayer as the
(CaF21SiF/CaF1SiF) intralayer.
2. Different hot-electron transport through CaF2
intralayer grown at 550 and 700 °C
The difference between BEEM I – V spectra S1 and S4
which were obtained from Au/~CaF21SiF/CaF1SiF!/
Si(111) and Au/~CaF2 /CaF!/Si(111) samples, respectively,
is obviously due to the difference in the CaF2 intralayer
formed at 550 and 700 °C. They have a different influence
on hot-electron transport through them.
The averaged threshold voltage of 3.6 V is only obtained
at terraces on which (CaF2 /CaF) intralayers grown at 700 °C
are present. The measured value of 3.6 V is in good agree-
ment with the previously reported value of 3.33 V.8 Based on
these results, we conclude that the (CaF2 /CaF) intralayer
grown at 700 °C is a high quality epitaxial insulating layer
having a band gap of which the conduction band minimum
~CBM! is determined to be about 3.6 V above the Fermi
energy from the threshold voltage of the BEEM current @Fig.
7~a!#. The (CaF2 /CaF) intralayer prevents hot-electron trans-
port at below about 3.6 eV. In contrast, BEES results confirm
that the (CaF21SiF/CaF1SiF) intralayer formed at 550 °C
cannot induce the insulating threshold voltage of 3.6 V, al-
though the intralayer reduces the transmission probability by
25%, compared with that for an CaF2-uncovered region. The
FTIR results strongly suggest that the (CaF21SiF/CaF1SiF)
intralayer has poor crystalline quality and will have many
defects in it and/or at its interface, as discussed above. Such
an intralayer may have defect-induced states and allow hot
electrons to travel through it even at below 3.6 eV @as shown
in Fig. 7~b!#. The defect-induced states lie a position of the
threshold voltage of the BEEM current to be about 0.74 V.
IV. SUMMARY
In this work, we performed a detailed study of the elec-
tron transport properties across Au/CaF2 ~deposited at 550 or
700 °C!/Si~111! heterostructures. BEEM/BEES measure-
ments showed that hot-electron transport properties depend
on the CaF2 growth temperatures. FTIR measurements sug-
gest that the (CaF2 /CaF) intralayer grown at 700 °C is a high
quality epitaxial insulating layer, whereas the
(CaF21SiF/CaF1SiF) intralayer, which has poor crystalline
quality and will have many defects, is formed at 550 °C.
BEEM/BEES measurements show that the (CaF2 /CaF) in- AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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hot-electron transport at below about 3.6 eV. In contrast, the
(CaF21SiF/CaF1SiF) intralayer formed at 550 °C cannot
induce the insulating threshold voltage of 3.6 V. It is sug-
gested that the (CaF21SiF/CaF1SiF) intralayer has defect-
induced states in the band gap and allows hot electrons to
FIG. 7. Schematics of BEEM electron transport across Au/CaF2 /Si~111!
interfaces ~a! 50 ML Au/2 ML CaF2~700 °C!/Si~111!. Ballistic electrons
tunnel through CaF2 above about 3.6 V. ~b! 50 ML Au/2 ML
CaF2~550 °C!/Si~111!. The defect-induced states exist in the band gap of the
CaF2 and allow ballistic electrons to travel through the CaF2 even at volt-
ages below about 3.6 V.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject totravel through it even at below 3.6 eV. The defect-induced
states lie a position of the threshold voltage of the BEEM
current to be about 0.74 V.
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